Introduction
============

Homer's Odysseus ordered his crew to tie him to the mast in order to resist the Sirens' deadly temptation. Such voluntary restrictions of one's future choice options in order to avoid anticipated willpower failures are referred to as "precommitment." The need for strategies to resist temptations stems from the limited ability to resist appealing immediate rewards ([@nsw176-B22]). Caving into temptation hampers the achievement of higher-order goals like health or saving money for the future, causing great costs to individual and societal well-being. Moreover, self-control problems are among the defining symptoms of several psychiatric disorders, including addiction and obesity ([@nsw176-B17]; [@nsw176-B6]; [@nsw176-B4]; [@nsw176-B33]). Thus, finding means to facilitate the implementation of higher-order goals has both clinical and societal relevance.

While most research on self-control has focused on the ability to resist temptation impulses through willpower, there is evidence that precommitment represents an effective alternative strategy that enables humans to make binding choices and thereby avoid impulse control failures in many situations of everyday life ([@nsw176-B27]; [@nsw176-B16]; [@nsw176-B11] ). For example, many humans buy unhealthy food only in smaller quantities to restrict their access to such "vices" ([@nsw176-B35]), voluntarily impose strict deadlines in order to avoid procrastination ([@nsw176-B2]) or invest money in inaccessible retirement funds. Enhancing precommitment therefore has the potential to increase individual and societal well-being in many respects, especially for impulsive agents ([@nsw176-B18], [@nsw176-B19]). In line with this assumption, gambling machines requiring the gambler to preset a maximum loss limit reduced the expenditure of pathological gamblers ([@nsw176-B20]).

Despite its societal and clinical relevance, the neurocognitive mechanisms underlying precommitment are largely unknown. One functional magnetic resonance imaging (fMRI) study ([@nsw176-B7]) has identified regions that may play a role in making binding choices. In contrast to conditions in which no precommitment was possible, precommitment choices activated the frontopolar cortex (FPC). The authors concluded that the FPC might be involved in monitoring the expected value of precommitment. In this view, FPC biases decisions in favor of precommitment when the expected value of precommitment exceeds the costs of restricting one's choice options. If this assumption is correct, it should be possible to improve precommitment by stimulating the FPC with anodal transcranial direct current stimulation (tDCS), because anodal tDCS is thought to increase the neural excitability of the stimulated brain region ([@nsw176-B24]). Increasing the excitability of the FPC should enhance its sensitivity to the expected value of precommitment, which in turn should facilitate the decision to precommit to the delayed reward. In addition, we tested for potential effects of cathodal tDCS over FPC, which decreases neural excitability and may thus reduce precommitment (but note that cathodal tDCS tends to show weaker effects on cognitive functions than anodal tDCS; see [@nsw176-B14]). We expected anodal tDCS over FPC to increase the number of precommitment choices in a self-control task ([@nsw176-B7]). Such a finding would indicate a causal link between FPC activation and precommitment and provide insights into potential ways of improving precommitment in disorders related to self-control problems.

Importantly, we assessed the specificity of FPC stimulation on the willingness to engage in precommitment by testing for tDCS effects on other cognitive processes that may play a role in precommitment. In particular, the propensity to make precommitment choices for delayed rewards might also be influenced by the propensity to make nonbinding choices of delayed rewards, by the ability to resist temptation impulses or by the preference for larger, relative to smaller, rewards. Therefore, we examined whether tDCS over FPC affects nonbinding choices of delayed rewards, impulse control and preference for larger rewards. Because our neuroimaging results ascribe the FPC a specific role in making precommitment choices ([@nsw176-B7]), we hypothesized that anodal tDCS over FPC would selectively improve precommitment without affecting choices in the control conditions.

Materials and methods
=====================

Participants
------------

Seventy-eight healthy heterosexual males (mean age  =  23.1 year, age range 18--38 years) volunteered in the study after having given informed consent. Two further subjects were excluded for not following task instructions, i.e. for not permanently keeping their response fingers on the response keys during the delay phases. Three further subjects were removed from the analysis because they showed a preference for the smaller reward in the no-delay condition (the inclusion of all of these subjects, however, did not qualitatively change the results). The study was approved by the local ethics committee of the Canton Zurich.

Stimuli
-------

Subjects performed a decision task requiring them to make choices between smaller sooner (SS) and larger later (LL) rewards. As the task included relatively short delays in the range of 4--10 s, we used erotic stimuli as primary reinforcers consumable at the time of delivery ([@nsw176-B26]; [@nsw176-B7]). In order to approximately match the subjective value of SS and LL rewards across subjects, all subjects had to rate the attractiveness of 300 pictures of women in lingerie on a Likert-scale of 0--10 some days (mean  =  3.2 days) before the main experimental session. Based on these ratings, we constructed individualized stimulus sets by first removing all pictures rated as not attractive (ratings of 0 or 1) and then splitting the remaining pictures at each individual's median. Pictures rated above the median were designated as LL rewards (mean attractiveness rating = 7.1) and those below were SS rewards (mean attractiveness rating = 4.2). Thus, an individualized set of SS and LL pictures was used for each subject in the main experimental session. Moreover, the same picture was never shown more than once in order to avoid saturation effects.

The task included the following four conditions: precommitment condition, opt-out condition, willpower condition and no-delay condition ([Figure 1](#nsw176-F1){ref-type="fig"}). The precommitment condition started with a pre-delay phase (4 s): subjects decided whether to have a free choice between the SS and the LL option during a subsequent delay phase or to precommit to the LL option, removing the SS option from the delay phase. The LL reward was presented automatically after the indicated temporal delay, except if the SS option was chosen before (in which case the SS reward was presented immediately). Subjects indicated their choice by pressing the left control key (for the option shown on the left side of the screen) or the right control key (for the option on the right side of the screen) on a QWERTZ keyboard. The assignment of options to screen sides was counterbalanced across subjects. If subjects decided to have the free choice (i.e. not to precommit), then a delay phase started after the pre-delay phase. In contrast, if subjects decided to commit to the LL option in the pre-delay phase, the SS reward was not available for selection during the delay phase, such that subjects could not reverse their decision for the LL reward during the delay. Depending on subjects' choices, either the SS or the LL reward was presented for 2.5 s, followed by a variable inter-trial interval (ITI) in which a fixation cross was presented on the center of the screen. If subjects chose the LL option, the length of the ITI was 1.5 s, whereas in case of SS choices the remaining duration of the terminated delay phase was added to these 1.5 s. This was done to ensure that subjects could not finish the task more quickly by choosing the SS reward, and we informed subjects about this procedure before the start of the experiment. Fig. 1.Schematic illustration of task conditions and trial procedure. In all task conditions, subjects chose between a SS and a LL option. When making their choices, subjects did not know which pictures exactly would be presented and could only decide between a more attractive (LL) and a less attractive (SS) option. The duration of the delay subjects had to wait in order to obtain the LL reward was indicated above the LL option (4, 7 or 10 s). Solid lines indicated that the option was currently available for selection, whereas dashed lines indicated that the option was currently not available for selection. (A) The precommitment condition included a pre-delay phase in which subjects decided whether or not to make a precommitment choice for the LL reward. If subjects decided to precommit to the LL reward, then the SS option was not available during the delay phase, such that subjects could not reverse their initial choice and the LL reward was delivered automatically after the delay. If subjects preferred not to precommit but to have the free choice between SS and LL options, then the SS reward was available for selection during the delay phase, presumably requiring subjects to suppress the impulse to select the SS reward while waiting for the LL reward. If subjects chose the SS option during the delay phase, the reward was delivered immediately, otherwise, the LL reward was delivered automatically after the indicated delay. (B) In the pre-delay phase of the *opt-out* condition, subjects decided between obtaining the SS reward immediately or waiting for the LL reward. During the delay phase, the SS option remained available for selection, such that (contrary to the precommitment condition) choices were not binding and subjects could reverse their initial preference for the LL option. (C) The *willpower* condition consisted of the delay phase of the precommitment task. Thus, there was no pre-delay phase, the SS reward was available for selection, while in case of inaction the LL reward was presented automatically after the indicated delay. (D) The no-delay condition included only a pre-delay but no delay phase. The chosen smaller or larger reward option was presented immediately after the decision phase.

The opt-out condition tested whether stimulation effects on LL choice depended on the binding nature of the precommitment option. The opt-out condition was closely matched to the precommitment condition in terms of choice structure and choice complexity, with the exception that participants could not precommit themselves to the LL reward. Thus, just as precommitment trials, opt-out trials, too, started with a pre-delay phase. In this pre-delay phase, subjects chose whether to see the SS reward immediately after the pre-delay phase or to wait for the LL reward. If subjects decided to wait, then the pre-delay phase was followed by the same delay phase as in the precommitment condition after a non-commitment choice, in which the SS reward remained available for selection. Thus, in contrast to the precommitment condition, subjects' choice of the LL reward in the pre-delay phase of the opt-out condition was not binding as subjects could reverse their decisions during the delay phase and select the SS reward.

The willpower condition assessed stimulation effects specifically when subjects were exerting self-control. Trials in this condition included no pre-delay phase but started with a delay phase, in which only the SS reward was available for immediate selection, whereas the LL reward was presented automatically after the indicated temporal delay. This delay phase was terminated immediately if subjects chose the SS option (in this case, the remaining part of the terminated delay phase was again added to the ITI). Thus, the willpower condition required subjects to suppress the temptation to choose the SS reward in order to obtain the LL reward, allowing us to control for potential stimulation effects on impulse control.

Finally, the no-delay condition assessed whether stimulation affected preference for larger rewards irrespective of temporal delay. In trials of this condition, both the smaller and the larger rewards were available for selection during the pre-delay phase. The chosen reward was presented immediately (i.e. without temporal delay) after the pre-delay phase. In the sham group, this condition allowed us also to validate the effectiveness of our reward manipulation by testing whether subjects indeed show a preference for the larger over the smaller rewards when delays are absent. In addition, it allowed us to control for potential effects of tDCS over FPC on reward preference.

Before the start of the stimulation, subjects obtained detailed task instructions and performed six trials of each task condition as practice. During stimulation, we presented a total of four blocks per condition, with each block containing six trials (with balanced numbers of 4, 7 and 10 s delays). Thus, 24 trials were presented per condition, resulting in a total of 96 trials. The experimental blocks were presented in randomized order. The total duration of the task was 23 min. In order to increase the distinctiveness of the conditions, the frames of the available and unavailable options were shown in different colors (the assignment of conditions to colors was counterbalanced across subjects). In addition, before the start of a block, a cue presented for 2 s alerted subjects to the upcoming condition (e.g. "blue task").

*tDCS protocol*. We applied anodal, cathodal or sham tDCS using a multi-channel stimulator over the left FPC region showing the strongest BOLD response during binding relative to non-binding choices (peak activation: *x* = −34, *y*  =  58, *z* = −8) in the study by [@nsw176-B7]. [Figure 2](#nsw176-F2){ref-type="fig"} illustrates electrode positioning and the modeled current density for anodal stimulation ([@nsw176-B15]). In 31 participants, we used T1-scans of the individual subject to determine the center point of the frontal electrode over the left FPC with Brainsight 2.0 frameless stereotaxy. As we found the center of the frontal electrode to be reliably placed at electrode position LL1 on a Waveguard Duke 128 channels cap in these subjects, we fixed the electrode at this electrode position for the remaining subjects. The vertex electrode was placed over electrode position Z7 on the 128 channels cap. As frontal and vertex electrodes, we applied standard 5 × 5 and 10 × 10 cm electrodes, respectively, fixed by rubber straps. We used larger vertex than frontal electrodes to minimize the stimulation effect at the control vertex site relative to the FPC site. Fig. 2.Illustration of electrode positioning and modeled current density for the anodal stimulation over the left FPC.

During task performance, we stimulated subjects with 1 mA current strength in the anodal and cathodal groups, while in the sham group, the current was turned off after 30 s. Such sham tDCS protocols have been shown to reliably blind participants ([@nsw176-B36]). To account for possible delays in the onset of tDCS effects, subjects had to wait 4 min following stimulation onset before they started the self-control task.

*Data analysis*. We used mixed general linear models (MGLMs) as implemented in IBM SPSS 22 to analyze subjects' choices in the four experimental conditions. We excluded all trials in which subjects failed to make a choice within the duration of the 4 s pre-delay phase of the precommitment (mean dropout rate  =  1.5%), opt-out (1.6%) and no-delay (1.3%) conditions. The advantage of MGLMs over analyses of variance is that they allow to flexibly control for potentially confounding effects of covariates (see below) when modeling the effects of the experimental manipulations. Specifically, we analyzed the effects of anodal and cathodal tDCS on choices in the pre-delay phases of the precommitment, opt-out and no-delay conditions, and in the delay phase of the precommitment, opt-out and willpower condition. We predicted subjects' propensity to make a binding choice for the larger reward in the precommitment condition and to choose the larger reward (percentage of choices of larger reward relative to all choices) in the other conditions using stimulation predictors for active, i.e. anodal and cathodal, tDCS. Importantly, our results are robust against analyzing choices instead of mean choice probabilities. The two stimulation predictors were dummy variables that were set to 1 if a subject received anodal or cathodal tDCS, respectively, otherwise their value was set to 0. Thus, they allowed us to test for effects of anodal and cathodal tDCS relative to baseline performance in the sham condition. In conditions where the larger reward was delivered after a temporal delay (i.e. precommitment, opt-out and willpower), we included also predictors for delay length (4, 7 or 10 s) and the interactions between delay length and anodal or cathodal tDCS. Because the willingness to precommit depends on individual differences in delay discounting and impulsiveness ([@nsw176-B25]; [@nsw176-B19]; [@nsw176-B7]), and because delay discounting varies across the lifespan ([@nsw176-B31]), we included covariates for delay discounting, age and impulsiveness as predictors of no interest. Delay discounting and impulsiveness were measured using the delay discounting questionnaire of [@nsw176-B17]; German version by [@nsw176-B10]) and the Barratt Impulsiveness Scale (BIS-15; [@nsw176-B30]; German version by [@nsw176-B21]), respectively. All predictors for tDCS, delay length and the covariates represented fixed effects. In addition, a subject regressor represented a random effect. The observed result pattern was robust to excluding these covariates from the model. Parameter estimates were obtained using maximum-likelihood estimation and tested for significance using *F*-statistics.

Results
=======

Baseline measures and task validation
-------------------------------------

We randomly assigned 78 subjects to one of three between-subjects experimental groups that received anodal (27 subjects), cathodal (26 subjects) or sham (25 subjects) tDCS over the FPC while performing the self-control task. The three experimental groups were well balanced with respect to age as well as baseline measures of impulsiveness ([@nsw176-B30]) and delay discounting ([@nsw176-B17]), all *F*  \<  2, all *P*  \>  0.14. In addition, to control for potential tDCS effects on subjects' emotional state, we measured their mood, alertness and calmness before the start and before the end of stimulation using the multidimensional mood state questionnaire ([@nsw176-B32]). Again, there were no significant differences between tDCS groups, all *F*  \<  1, all *P*  \>  0.43. These data suggest that potential tDCS effects are not confounded with baseline group differences in delay discounting, impulsivity or mood.

First, we evaluated the effectiveness of our task manipulations by examining choice behavior of the sham group. In the no-delay condition, subjects predominantly chose the high-rated pictures (mean  =  97%, standard error of the mean (SEM)  =  2%), suggesting a strong preference for the large rewards over the small rewards when both were available immediately. Note that this also holds when the three subjects with a preference for the low-rated images (see Materials and methods) were included into the analysis (mean  =  95%, SEM  =  3%). Compared to the no-delay condition, preference for the larger reward option significantly dropped in the precommitment (mean  =  76%, SEM  =  5%; collapsing over pre-delay and delay phase); opt-out (mean  =  68%, SEM  =  5%; collapsing over pre-delay and delay phase); and willpower (mean  =  69%, SEM  =  6%) conditions, all *t*(24) \> 4.56, all *P*  \<  0.001 ([Figure 3A](#nsw176-F3){ref-type="fig"}). Thus, whenever the LL reward was available only after a temporal delay, subjects were more likely to choose SS compared to when the LL reward was presented without a delay. Fig. 3.Validation of experimental manipulations. (A) At baseline (sham tDCS), subjects showed a strong preference for the larger reward in the no-delay condition, while choices of the larger reward significantly dropped when it was available only after a temporal delay. However, the possibility to precommit resulted in a higher number of choices of the LL reward relative to the opt-out and willpower conditions. (B) In the willpower condition, the preference for the LL reward decreased as a function of temporal delay. Error bars indicate standard error of the mean.

Next, we tested the efficacy of precommitment as a self-control strategy by comparing the consumption of larger later rewards in the precommitment condition with the opt-out and willpower conditions. Note that for this analysis (as for the preceding one), we collapsed data across the pre-delay and delay phases of the precommitment and opt-out conditions to obtain an indicator of the overall consumption of larger reward images. As hypothesized, the possibility to make binding choices in the precommitment condition resulted in a significantly higher number of LL choices relative to both the willpower and opt-out conditions, all *t*(24)  \>  2.47, all *P*  \<  0.05, confirming previous findings that precommitment is an effective self-control strategy ([@nsw176-B25]; [@nsw176-B19]; [@nsw176-B7]). As the preference for the larger reward dropped in conditions where the rewarding stimulus was presented after a temporal delay, we further tested how the length of the delay affected reward preference. We found that delay length (4, 7 or 10 s) predicted preference for the LL reward in the willpower task, *F*(1,75)  =  4.93, *P*  \<  0.001, indicating that the subjective value of the LL reward was discounted as a function of increasing temporal delay ([Figure 3B](#nsw176-F3){ref-type="fig"}). This confirms the effectiveness of the willpower manipulation and suggests that whenever the SS reward remained obtainable, longer temporal delays required subjects to suppress the temptation to select the SS reward instead of waiting for the preferred LL reward. Taken together, the result pattern in the baseline group was qualitatively similar to the behavioral results of [@nsw176-B7], even though subjects tended to be more patient across all task conditions in the current sample (which may be explained by cultural differences; see [@nsw176-B34]).

Anodal tDCS over FPC promotes precommitment
-------------------------------------------

The main goal of the current study was to test whether anodal stimulation of the FPC enhances the willingness of our subjects to engage in precommitment. If our hypothesis is correct, anodal stimulation should lead to more precommitment choices in the pre-delay phase of the precommitment condition. We tested this with a MGLM that predicted the number of precommitment choices using dummy variables for the effect of anodal tDCS and cathodal tDCS relative to sham tDCS. In addition, we included predictors for delay length and the interactions between delay length and anodal or cathodal tDCS. Importantly, we found that subjects receiving anodal stimulation made significantly more precommitment decisions (mean  =  67%, SEM  =  5%) compared with subjects receiving sham stimulation (mean  =  52%, SEM  =  6%), *F*(1,75)  =  4.83, *P*  =  0.036, while the data revealed no significant effect of tDCS in subjects receiving cathodal stimulation (61%), *F*(1,78)  =  1.5, *P*  =  0.27 ([Figure 4](#nsw176-F4){ref-type="fig"}). The mean number of precommitment choices was non-significantly higher in the cathodal tDCS than in the baseline sham tDCS group. There were no interactions between delay length and anodal or cathodal stimulation, all *F*  \<  1.34, all *P*  \>  0.26. This finding supports our hypothesis that anodal FPC stimulation increases the propensity to precommit. Fig. 4Effects of anodal and cathodal tDCS relative to sham stimulation on choices in the *pre-delay phases* of the precommitment, opt-out, and no-delay conditions. The y-axis indicates the percentage of precommitment choices in the precommitment condition and the percentage of choices of the larger reward in the opt-out and no-delay conditions. Relative to sham tDCS, anodal FPC stimulation increased the number of precommitment decisions but showed no effects on the control conditions. There were no significant effects of cathodal tDCS on task performance. An asterisk (\*) indicates a significant effect at a threshold of *P*  \<  0.05. Error bars indicate SEM.

To investigate the specificity of the anodal stimulation effect on decisions to precommit, we analyzed the effects of anodal stimulation also during the pre-delay phase of the opt-out and no-delay conditions ([Figure 4](#nsw176-F4){ref-type="fig"}). In the opt-out condition, where the SS option remained available during the later delay phase, we found a main effect of delay length, *F*(2,155)  =  45.80, *P*  \<  0.001, but no further effect passed the statistical threshold, all *F*  \<  1, all *P* \>  0.54. There was also no evidence for significant tDCS effects on choices in the no-delay condition in which the chosen image was presented without delay, all *F*  \<  1, all *P*  \>  0.57. To test specificity more stringently, we examined whether the effects of anodal tDCS were significantly stronger in the precommitment condition than in the opt-out and no-delay conditions. For that purpose, we computed a further MGLM including predictors for anodal tDCS, task condition (a dummy-coded predictor that was 1 for the precommitment condition and 0 for the opt-out and no-delay conditions), and the interactions between these factors. This MGLM revealed a significant anodal tDCS × task condition interaction, *F*(1,104)  =  4.68, *P*  \<  0.05, confirming that anodal stimulation effects were significantly stronger in the precommitment condition than in the opt-out and no-delay conditions. These data suggest that FPC tDCS has little effect on choices of the larger reward when no precommitment was possible and support our hypothesis that the FPC plays a crucial role specifically in making precommitment choices.

Given the specific tDCS effects on precommitment decisions in the pre-delay phase, we also tested whether tDCS affected choices in the delay phases of the precommitment, opt-out and willpower conditions ([Figure 5](#nsw176-F5){ref-type="fig"}). In order to obtain the LL reward in the delay phases of these conditions, participants presumably had to suppress the temptation to select the immediately available SS reward while waiting for the delivery of the LL reward. For each of these conditions, we computed a MGLM testing whether tDCS predicted subjects' ability to wait for the LL reward during the delay phase of the willpower condition (again including predictors for delay length and its interactions with tDCS). None of these task conditions showed significant effects of anodal or cathodal tDCS nor interactions between tDCS and delay length, all *F*  \<  2.66, all *P*  \>  0.1. In order to provide evidence for the specificity of the anodal tDCS effects on making binding choices, we tested whether anodal tDCS effects were significantly stronger in the pre-delay phase of the precommitment condition than in the delay phases of the precommitment, opt-out and willpower conditions. We computed an MGLM with predictors for anodal tDCS, delay length, and task condition (which was 1 for the pre-delay phase of the precommitment condition and 0 for the delay phases of the precommitment, opt-out and willpower conditions) and the interactions between these factors. Again, we found a significant anodal tDCS × task condition interaction, *F*(1,572) = 6.15, *P* \< 0.05. Thus, we can also rule out the possibility that tDCS over FPC improved precommitment by affecting impulse control in general. Fig. 5tDCS effects on choices of the larger-later reward in the delay phases of the precommitment, opt-out, and willpower conditions. Note that in the delay phase no decision to precommit to the larger later reward was possible. There were no significant tDCS effects on task performance. Error bars indicate SEM.

Discussion
==========

The current study assessed whether anodal stimulation over FPC can improve self-control by enhancing subjects' willingness to precommit. In line with our hypothesis, we found that anodal tDCS over left FPC increased the number of precommitment choices for the LL reward in the precommitment condition. This result confirms the neuroimaging-inspired hypothesis of a causal role of the FPC in precommitment ([@nsw176-B7]) and suggests that anodal tDCS over FPC may be a promising tool to improve self-control. Importantly, the data revealed no effects of tDCS over FPC on non-binding choices of LL rewards (opt-out condition), on impulse control (willpower condition), or on subjects' preference for the larger reward when delivered immediately (no-delay condition). The specificity of our FPC tDCS findings on precommitment suggests that the increased number of binding choices is unlikely to be caused by improved impulse control or changes in the value representation of the LL and SS options. Thus, the current data provide causal evidence for a functional role of the FPC in precommitment and demonstrate that anodal tDCS can effectively foster the ability to resist temptations by voluntarily restricting one's choice options.

The FPC tDCS effects on precommitment may be explained within the framework of a recent neural model of precommitment ([@nsw176-B7]), which assumes that FPC biases the decision to precommit as a function of the expected value of precommitment. According to this neural model, anodal tDCS may have improved precommitment by increasing the FPC's sensitivity to the expected value of precommitment. This interpretation is in line with previous studies relating the FPC to metacognitive functions like counterfactual thinking ([@nsw176-B8]; [@nsw176-B28]). As an individual's sensitivity to the expected value of precommitment depends on the anticipation of counterfactual events in the future (e.g. "If I went to the bar, I'd drink. Therefore, I'd better not go."), such metacognitive functions may play an important role in precommitment ([@nsw176-B18], [@nsw176-B19]). Thus, our results are consistent with current theories on FPC functioning and suggest that anodal tDCS over FPC may have increased sensitivity to the expected value of precommitment by increasing metacognitive functioning.

Note that one critical issue with regard to interpreting tDCS findings arises from its relatively low spatial resolution ([@nsw176-B5]; [@nsw176-B36]). Thus, the observed effects could in principle result from stimulation effects on brain regions adjacent to FPC, such as ventromedial prefrontal cortex (vmPFC) and lateral prefrontal cortex. However, it is important to note that the current data provide no evidence for stimulation effects on subjective value representations (no-delay condition) or impulse control (willpower condition), which are related to ventromedial prefrontal cortex (vmPFC) and lateral prefrontal cortex activity, respectively ([@nsw176-B9]; [@nsw176-B28];[@nsw176-B3]). Moreover, given that our previous fMRI study found that precommitment choices selectively activated FPC ([@nsw176-B7]), the specificity of our tDCS effects on precommitment suggests that tDCS exerted its effects by modulating this neural activity in the FPC rather than in other brain regions that were not activated by the current task.

In addition, a recent theoretical model of tDCS effects has debated the directionality of tDCS ([@nsw176-B5]). In line with this, a meta-analysis showed that only 16% of the published studies investigating tDCS effects on cognitive functions reported both an excitatory effect of anodal tDCS and an inhibitory effect of cathodal tDCS ([@nsw176-B14]). The majority of studies find only facilitatory anodal effects, with cathodal tDCS showing little effects on performance. [@nsw176-B14] proposed that in such cases the non-stimulated hemisphere might compensate the effects of unilateral tDCS. Consistent with this proposal, FPC activity during precommitment is bilateral ([@nsw176-B7]), whereas in the current study, we stimulated only the left FPC. Alternatively, cathodal tDCS might even improve cognitive functioning by decreasing neural competition ([@nsw176-B1]). This might explain why we found a higher number of precommitment decisions in the cathodal tDCS than in the sham tDCS group, even though this difference was clearly non-significant. While our data do not support the assumption that cathodal tDCS impairs FPC excitability, the result pattern is consistent with the conclusions of meta-analyses reporting more reliable effects for anodal than cathodal tDCS ([@nsw176-B14]). Moreover, although the directionality of tDCS is still a matter of debate, it is important to note that the finding of enhanced precommitment during anodal tDCS over FPC is consistent with the neuroimaging findings of increased FPC activation for precommitment decisions ([@nsw176-B7]).

It is also worth mentioning that recent meta-analyses have suggested that tDCS may have small or inconsistent effects on physiological measures and cognition ([@nsw176-B12], [@nsw176-B13]). However, these meta-analyses are themselves debated since they are based on low numbers of studies with heterogeneous electrode montages ([@nsw176-B23]; [@nsw176-B29]). Given the ongoing debate on how tDCS may best be used for modulating cognition and behavior, the results of the current study may be taken as first, tentative evidence that precommitment can be improved by FPC stimulation. The finding that precommitment can be facilitated with brain stimulation may be of relevance for the treatment of psychiatric disorders involving self-control problems ([@nsw176-B17]; [@nsw176-B6]; [@nsw176-B4];). For example, patients with gambling addiction were found to benefit from precommitment ([@nsw176-B20]). Thus, enhancing precommitment may be a promising tool for reducing willpower failures in these clinical populations. The current data deepen our understanding of the neural mechanisms underlying precommitment and suggest that the use of precommitment strategies may be enhanced by FPC stimulation.
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